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Lipid modification can control the cellular localization, traf-
ficking, interactions, and activity of proteins (el-Husseini and 
Bredt, 2002; Linder and Deschenes, 2003; Resh, 2006). One 
prominent lipid modification is palmitoylation, which is the ad-
dition of palmitate, a 16-carbon long-chain fatty acid, to Cys 
residues. Palmitoylation is thought to be particularly impor-
tant within the nervous system, where many neuronal proteins   
vital for synaptic plasticity and function undergo this modifi-
cation. Recently, using proteomic technology, >250 neuronally 
expressed  proteins  were  shown  to  undergo  palmitoylation 
(Kang  et  al.,  2008).  Notable  among  these  is  the  postsynap-
tic scaffolding protein PSD-95 (also known as Dlg4). Previ-
ous  work  has  demonstrated  that  neuronal  activity  regulates 
the  active  palmitoylation  and  depalmitoylation  of  PSD-95 
(El-Husseini et al., 2002; Iwanaga et al., 2009), which in turn 
regulates the retention of AMPA (-amino-3-hydroxy-5-methyl-4- 
isoxazole propionic acid)-type glutamate receptors at neuronal 
synapses (Chen et al., 2000; Nicoll et al., 2006). The number and 
localization of AMPA-type glutamate receptors is a principle 
mechanism controlling the strength and plasticity of synapses 
(Kessels and Malinow, 2009). Therefore, the activity-regulated 
palmitoylation of PSD-95 may be an important element in the 
regulation of synaptic strength.
Given the wide array of proteins that undergo palmitoylation, 
it is not surprising that there is a large family of acyltransferases 
that performs this modification. Critical for their enzymatic func-
tion is a DHHC (Asp-His-His-Cys) domain. Seminal work first 
defined a family of seven DHHC domain–containing proteins in 
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yeast (Bartels et al., 1999; Putilina et al., 1999; Roth et al., 2002). 
In mammals, there are 23 proteins with DHHC domains that have 
distinct  patterns  of  tissue  and  subcellular  localization  (Fukata   
et al., 2004; Ohno et al., 2006). Although many of these proteins 
are localized to the Golgi apparatus when overexpressed in cul-
tured cells, the endogenous localization of most DHHC domain–
containing proteins remains to be determined (Ohno et al., 2006). 
Importantly, different DHHC domain–containing enzymes control 
the palmitoylation of specific proteins. For instance, DHHC2, -3,   
-7, and -15 have activity for PSD-95, whereas DHHC17 (HIP14) 
has activity for SNAP-25 and huntingtin (Fukata et al., 2004; 
Huang et al., 2004; Keller et al., 2004; Stowers and Isacoff, 2007; 
Greaves et al., 2009). Yet, how the cellular localization and sub-
strate specificity of DHHC proteins is controlled is not known.
Noritake et al. (see p. 147 of this issue) provide impor-
tant new insights into this question. Using high resolution live-
cell total internal reflection fluorescence microscopy (TIRFM) 
coupled with fluorescently tagged forms of synaptic proteins 
and acyltransferases, they examine the role of palmitoylation 
and the enzymes that perform this modification in the neuronal 
activity–dependent regulation of PSD-95 in cultured hippo-
campal neurons. First, the authors address the question of how 
neuronal activity affects the lipid state of PSD-95. Consistent with 
previous work (Iwanaga et al., 2009), they demonstrate that 
PSD-95 accumulates at synapses and becomes palmitoylated 
after the blockade of neuronal activity. A version of PSD-95 that 
cannot be palmitoylated fails to accumulate at synapses after 
activity blockade. Next, Noritake et al. (2009) demonstrate that 
not all synaptic proteins are equally affected by activity block-
ade. Thus, although PSD-95 palmitoylation is activity regulated, 
palmitoylation of other synaptic proteins such as Gq, GluR2, 
and GRIP1 is unaffected by neuronal activity blockade. Given 
that specific PATs mediate the addition of palmitate to different 
proteins (Iwanaga et al., 2009), the authors focus on the sub-
family including DHHC2 and -15 because these proteins target 
PSD-95 and not Gq or GluR2. Consistent with their model, 
transfection of a dominant-negative DHHC2 disrupts the neuro-
nal activity–sensitive palmitoylation of PSD-95. The authors 
then conduct a careful series of experiments to demonstrate that 
DHHC2 is likely to be the PAT responsible for regulating the 
Neuronal activity moves protein palmitoylation  
into the synapse
Matthew B. Dalva
Department of Neuroscience, University of Pennsylvania School of Medicine, Philadelphia, PA 19104
© 2009 Dalva  This article is distributed under the terms of an Attribution–Noncommercial–
Share Alike–No Mirror Sites license for the first six months after the publication date (see 
http://www.jcb.org/misc/terms.shtml).  After  six  months  it  is  available  under  a  Creative 
























YJCB • VOLUME 186 • NUMBER 1 • 2009   8
interesting to determine how neuronal activity controls DHHC2 
trafficking. This may depend on specific domains in these en-
zymes other than those required for palmitoylation.
What is the consequence of PSD-95 palmitoylation blocking 
neuronal activity? Activity blockade is known to increase synaptic 
strength by recruiting additional AMPA-type glutamate receptors, 
which are important for synaptic plasticity and homeostasis, to syn-
apses. These receptors can be anchored at synapses by PSD-95 
through interactions with regulatory proteins of the transmembrane 
AMPA receptor regulatory protein (TARP) family such as stargazin 
(Chen et al., 2000; Nicoll et al., 2006). To test whether the increased 
PSD-95 found at synapses after activity blockade might be associ-
ated with increases in AMPA receptors at synapses, the authors 
monitored the amount of the surface-localized AMPA-type recep-
tor GluR1. Using live-cell TIRFM and microRNA knockdown, the 
authors establish that the increased surface GluR1 they observe   
after activity blockade requires PSD-95 and DHHC2 with PAT 
activity. Moreover these effects are likely to be selective for AMPA-
type glutamate receptors, as neither specific N-methyl-d-aspartate– 
type glutamate receptors nor specific glutamate transporters 
(vesicular glutamate transporter) were affected. Thus, there appears 
to be remarkable selectivity to DHHC2 palmitoylation of PSD-95 
such that only certain interacting proteins are affected. How this se-
lectivity is generated is an important and unresolved question.
Overall, Noritake et al. (2009) show that altering the cel-
lular localization of a DHHC domain–containing protein allows 
activity-sensitive palmitoylation of PSD-95. They find that of 
the PATs known to act on PSD-95, only DHHC2 and -3 are 
highly expressed in the hippocampus. Moreover, only DHHC2 
is found in the postsynaptic fraction of neuronal lysates and 
localized in dendrites in small vesicle-like structures, whereas 
DHHC3 is localized to the Golgi apparatus, suggesting that 
DHHC2 is positioned properly to act on PSD-95 at synapses.
Although DHHC2 appears to be important for the activity-
regulated effects on palmitoylation of PSD-95, both PATs ex-
pressed in the hippocampus are important for the synaptic 
localization of PSD-95 (Fig. 1). Knockdown of either DHHC2 
or -3 using microRNAs reduced the amount of PSD-95 at syn-
apses, but only knockdown of DHHC2 prevented the increase of 
PSD-95 accumulation at synapses after activity blockade. More-
over, rescue experiments demonstrated that these effects require 
DHHC2 with an active PAT domain. Thus, although both DHHC 
proteins expressed in the hippocampus are needed for normal 
PSD-95 localization, they each have distinct functions.
How is DHHC2 function linked to neuronal activity? The 
enzyme activity of DHHC2 was unaffected by neuronal activity 
blockade. Using TIRFM, Noritake et al. (2009) demonstrate 
that DHHC2 reversibly localizes to sites near synapses when 
activity was blocked with glutamate receptor blockers (kyn-
urenic acid) or sodium channel blockers (tetrodotoxin). These 
effects were selective to DDHC2, as the localization of DHHC3 
was unaffected even with long-term activity blockade. It will be 
Figure 1.  Neuronal activity controls the subcellular localization of DHHC2. DHHC2 and -3 are protein acyltransferases that palmitoylate PSD-95. This mod-
ification is important for synaptic targeting of PSD-95. DHHC3 localizes to the Golgi regardless of neuronal activity. DHHC2 is found in small vesicle-like 
structures in the dendrite under conditions of normal neuronal activity. Activity blockade leads to the translocation of DHHC2-containing puncta to synapses, 
increased levels of synaptic PSD-95, synaptic stargazin (a TARP), and surface-localized AMPA-type glutamate receptors. AMPAR, AMPA receptor.9 ACTIVITY-DEPENDENT PALMITOYLATION • Dalva
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it to act selectively. Recent work from Huang et al. (2009) has 
begun to define additional mechanisms for substrate specificity. 
By examining the activity of fusion proteins comprising differ-
ent domains of DHHC proteins, Huang et al. (2009) found that 
regions outside of the DHHC domain of HIP14L (DHHC13) 
determine the specificity of DHHC13 for the huntingtin protein. 
Despite these two new studies, the rules and motifs that govern 
DHHC specificity remain to be fully characterized. The study 
by Noritake et al. (2009) raises a new question: how is the local-
ization of DHHC2 regulated by neuronal activity? Given the 
clear substrate specificity of DHHC family members and their 
links to human disease (Oyama et al., 2000; Mansouri et al., 
2005; Raymond et al., 2007; Mukai et al., 2008), determining 
the mechanisms that enable the selective and specific function 
of these proteins can only become an increasingly important 
area of research.
M.B. Dalva’s work is supported by the Whitehall Foundation and the National   
Institutes of Health.
Submitted: 16 June 2009
Accepted: 22 June 2009
References
Bartels, D.J., D.A. Mitchell, X. Dong, and R.J. Deschenes. 1999. Erf2, a novel 
gene product that affects the localization and palmitoylation of Ras2 in 
Saccharomyces cerevisiae. Mol. Cell. Biol. 19:6775–6787.
Chen,  L.,  D.M.  Chetkovich,  R.S.  Petralia,  N.T.  Sweeney,  Y.  Kawasaki,   
R.J. Wenthold, D.S. Bredt, and R.A. Nicoll. 2000. Stargazin regulates 
synaptic targeting of AMPA receptors by two distinct mechanisms. 
Nature. 408:936–943. 
El-Husseini, Ael-D., and D.S. Bredt. 2002. Protein palmitoylation: a regulator of 
neuronal development and function. Nat. Rev. Neurosci. 3:791–802. 
El-Husseini, Ael-D., E. Schnell, S. Dakoji, N. Sweeney, Q. Zhou, O. Prange, C. 
Gauthier-Campbell, A. Aguilera-Moreno, R.A. Nicoll, and D.S. Bredt. 
2002. Synaptic strength regulated by palmitate cycling on PSD-95. Cell. 
108:849–863. 
Fukata,  M., Y.  Fukata,  H.  Adesnik,  R.A.  Nicoll,  and  D.S.  Bredt.  2004. 
Identification of PSD-95 palmitoylating enzymes. Neuron. 44:987–996. 
Greaves, J., G.R. Prescott, Y. Fukata, M. Fukata, C. Salaun, and L.H. Chamberlain. 
2009. The hydrophobic cysteine-rich domain of SNAP25 couples with 
downstream residues to mediate membrane interactions and recognition 
by DHHC palmitoyl transferases. Mol. Biol. Cell. 20:1845–1854. 
Huang, K., A. Yanai, R. Kang, P. Arstikaitis, R.R. Singaraja, M. Metzler, A. 
Mullard, B. Haigh, C. Gauthier-Campbell, C.A. Gutekunst, et al. 2004. 
Huntingtin-interacting protein HIP14 is a palmitoyl transferase involved 
in palmitoylation and trafficking of multiple neuronal proteins. Neuron. 
44:977–986. 
Huang, K., S. Sanders, R. Singaraja, P. Orban, T. Cijsouw, P. Arstikaitis, A. 
Yanai, M.R. Hayden, and A. El-Husseini. 2009. Neuronal palmitoyl acyl 
transferases exhibit distinct substrate specificity. FASEB J. doi:10.1096/ 
fj.08-127399.
Iwanaga,  T.,  R.  Tsutsumi,  J.  Noritake, Y.  Fukata,  and  M.  Fukata.  2009.   
Dynamic protein palmitoylation in cellular signaling. Prog. Lipid Res. 
48:117–127. 
Kang, R., J. Wan, P. Arstikaitis, H. Takahashi, K. Huang, A.O. Bailey, J.X. Thompson, 
A.F. Roth, R.C. Drisdel, R. Mastro, et al. 2008. Neural palmitoyl-proteomics 
reveals dynamic synaptic palmitoylation. Nature. 456:904–909. 
Keller, C.A., X. Yuan, P. Panzanelli, M.L. Martin, M. Alldred, M. Sassoe-Pognetto, 
and B. Luscher. 2004. The gamma2 subunit of GABA(A) receptors is a 
substrate for palmitoylation by GODZ. J. Neurosci. 24:5881–5891. 
Kessels, H.W., and R. Malinow. 2009. Synaptic AMPA receptor plasticity and 
behavior. Neuron. 61:340–350. 
Linder, M.E., and R.J. Deschenes. 2003. New insights into the mechanisms of 
protein palmitoylation. Biochemistry. 42:4311–4320. 
Mansouri, M.R., L. Marklund, P. Gustavsson, E. Davey, B. Carlsson, C. Larsson, 
I. White, K.H. Gustavson, and N. Dahl. 2005. Loss of ZDHHC15 expres-
sion in a woman with a balanced translocation t(X;15)(q13.3;cen) and se-
vere mental retardation. Eur. J. Hum. Genet. 13:970–977. 